We have undertaken a Parkes ammonia spectral line study, in the lowest two inversion transitions, of southern massive star formation regions, including young massive candidate protostars, with the aim of characterising the earliest stages of massive star formation. 138 sources from the submillimetre continuum emission studies of Hill et al. were found to have robust (1,1) detections, including two sources with two velocity components, and 102 in the (2,2) transition.
INTRODUCTION
Massive stars are dynamical and enigmatic powerhouses that shape and drive both their local stellar neighbourhood and the ecology and evolution of their host galaxy. Despite this heavy influence, the formation and evolution of a massive star is not well understood. Particularly perplexing are the earliest evolutionary stages of massive star formation (MSF). The difficulty lies in the unambiguous detection, identification and characterisation of these stages, snapshots of which are difficult to obtain as a result of the general rarity of candidates and the rapidity of their evolution (Garay & Lizano 1999) .
Whether or not massive stars are scaled-up analogs of low-mass stars is still uncertain. Massive stars exert ⋆ E-mail:thill@astro.ex.ac.uk considerable radiative pressure on the surrounding dust and gas, which in principle could halt and reverse spherical infall of the collapsing protostar. Therefore, a 'simple' scaled-up version of low mass star formation is insufficient for massive stars. There are a number of different approaches to address this dilemma as outlined in the reviews by Evans et al. (2002) ; Menten et al. (2005) ; Zinnecker & Yorke (2007) ; Beuther et al. (2007) .
As their sophistication increases numerical simulations in two and three dimensions show that the radiation pressure problems associated with spherical symmetry can be overcome (e.g. Krumholz et al. 2009 ). It is still not clear however, whether the bulk of the mass that finally ends up on the massive star comes from the monolithic collapse of a single dense core (e.g. McKee & Tan 2003) or is accreted from surrounding lower density gas which is funneled to the centre of a cluster's gravitational potential where the most massive stars are forming (e.g Bonnell et al. 1998) .
The natal molecular cloud, from which high-mass stars are formed, is expected to be dense, massive and cold, detectable only at (sub)millimetre wavelengths. Within the molecular cloud, core collapse will be triggered. As the collapsing protostar gains mass, the gravitational energy will serve to heat the core and ionise the surrounding material, causing an increase in the luminosity of the core. In terms of parameter evolution, the initial protostar will be massive, cool and of low luminosity. As the core evolves, it will accumulate more mass, and the temperature and luminosity of the core will increase. This evolution is seen in low mass protostars (Evans et al. 2002) .
In a search for cold cores that would mark the earliest stages of massive star formation Hill et al. (2005) undertook a (1.2) millimetre SIMBA 1 continuum emission study of sources exhibiting signs of methanol maser and/or radio continuum emission -both of which have previously proven successful tracers of the earliest stages of massive star formation (e.g. Minier et al. 2000; Williams et al. 2004; Pestalozzi et al. 2005 ). This SIMBA survey revealed a large number of millimetre continuum sources (255) devoid of the maser and UC HII sources targeted. Subsequent submillimetre observations of these sources, which were dubbed 'MMonly cores', unveiled submillimetre equivalents for each -often revealing the multiplicity of individual MM-only sources, and confirmed their association with cold, deeply embedded objects (Hill et al. 2006) .
The aforementioned SIMBA survey detected a total of 405 millimetre continuum sources, which (based on their star formation association) could be broken into four classes of source. Hill et al. (2005) proposed that each of these classes of source could represent a different phase of massive star evolution, with the MM-only class a possible example of the very earliest stages of massive star formation. A caveat however, is whether the MM-only cores are currently undergoing or will/can support massive star formation.
In order to determine the characteristic properties of the sources in the SIMBA sample, in particular the previously unknown and unstudied MM-only cores, Hill et al. (2009) performed spectral energy distribution (SED) modelling of a significant fraction of the sample. SED diagrams are useful tools from which physical quantities such as the luminosity, mass and temperature can be derived (cf. Whitney et al. 2003; Robitaille et al. 2006; Hill et al. 2009 ). If the observational data are well constrained (cf. Minier et al. 2005) , SED modelling can provide useful estimates of each of these parameters, for each star-forming core, which allows estimation of the evolutionary phase of a young massive star.
The luminosity, mass and temperature of an astronomical source are fundamental physical attributes that may be used to clarify and characterise the nature of a source, possibly providing insight into their evolutionary status similarly as they do for low mass stars (André et al. 2000) . Indeed, the temperature of a source places important physical constraints on the chemical composition of the core, including which chemical species are present in the core, as well as the size and types of grains present in the central star-forming cores.
The method employed for the SED fitting was that of Bayesian inference, which enabled a statistically probable range of suitable values for the luminosity, mass and temperature, for each source modelled. As SED modelling is heavily reliant upon robust data, it was not possible to usefully constrain each of these parameters for a thorough assessment of massive star formation scenarios. In the absence of reliable far-infrared data, which would serve to constrain the peak of the SED and thus parameters resultant from the fit, additional means of constraining the source parameters, such as temperature, are necessary.
Ammonia is an excellent molecular cloud thermometer (Menten et al. 2005 ) from which the rotational temperature and ultimately the kinetic temperature of the source can be determined. Ammonia is readily detectable in quiescent dark clouds and regions of low luminosity (Ho & Townes 1983) making it perfectly suited to study the birthplace of massive stars. The ratio of the hyperfine components of ammonia's signature five-fingered spectrum provides the optical depth information of the molecular cloud environment. As NH3 is a particularly good probe of high density gas, and is more resilient to the effects of depletion than other high density tracers (e.g. CS), ammonia observations also provide information pertaining to the density of the core (cf. Longmore et al. 2007 , and references therein).
We have undertaken an ammonia spectral line survey of sources from the SIMBA sample of Hill et al. (2005) in order to obtain an independent determination of their temperature and simultaneously examine the robustness of our SED fitting (Hill et al. 2009 ). In addition to facilitating and constraining further SED fitting, these ammonia observations provide information pertaining to the molecular abundance of ammonia in the cores, as well as the physical parameters such as linewidth, rest velocity, column density and virial mass. With this information, we seek to address formation scenarios for massive stars and identify the star formation status/phase of the MM-only core.
OBSERVATIONS
We have undertaken a multi-inversion transition study of ammonia, in the lowest two inversion transitions, toward the SIMBA sample of Hill et al. (2005) , with the aim of determining characteristic source properties, such as temperature and column density. The sample comprises four classes of millimetre continuum sources as alluded to in section 1: class M are sources with a methanol maser association, class R have radio continuum associations, class MR have both a maser and radio continuum source, whilst class MM are detected solely from their millimetre continuum emission.
The ammonia observations were undertaken on the Australia Telescope National Facility (ATNF) operated Parkes 2 radio telescope, using the new K-band receiver which operates from 16 -26 GHz, during three nights spanning 2008, September 17 -19. During this period, 244 sources were observed simultaneously in both NH3 (1,1) and (2,2).
The K-band receiver, which was partially commissioned in September 2008, was used in conjunction with the digital filterbank-3 (DFB) backend which contains dual digitisers and Compact Array Broadband Backend (CABB) 3 processors 4 . Although the Parkes telescope is 64 m in diameter, only the inner 55 m is used for observations at 23 GHz.
The NH3 (1,1) and (2,2) observations were undertaken in position switch mode, using a bandwidth of 128 MHz centred at 23708 MHz to enable simultaneous observations of the two transitions. Maser velocities were adopted as the rest velocity for each of the sources targeted. For those sources devoid of maser associations i.e. class R and MM, the velocity of the nearest coincident methanol maser was adopted as the rest velocity. We used 8192 channels to produce an expected velocity resolution of 0.2 km/s.
The pointing accuracy of the Parkes telescope is typically 10 -15 arcsec which is smaller than the beamsize of 58 arcsec. The Tsys ranged from 85 to 132 K during the period of the observations (12 -15 hr observing shifts), with a median of 96 K.
Typical integration times were 5 minutes per source. The rms noise in the spectra ranges from 0.13 to 0.30 Jy/beam for the NH3(1,1) transition and 0.13 to 0.25 Jy/beam for the (2,2) transition with the exception of one source (G 294.989-1.720) which had an rms of 0.86 and 0.87 Jy/beam for each of the transitions, respectively. The full set of spectra, including the sample spectra given in Figure 1 , are presented in the Appendix.
DATA PROCESSING
The data were reduced using the ATNF Spectral Analysis Package (ASAP) 5 and fit using the Continuum and Line Analysis Single-dish Software (CLASS) 6 package, using standard procedures as described in the respective manuals.
Data Reduction
ASAP is a new software package developed by the ATNF to reduce single-dish single-pointing spectral lines observations, with particular application to the ATNF suite of telescopes.
During the reduction procedure, the data were read into ASAP, an auto quotient 7 was applied, as well as a first order polynomial before the data were frequency-aligned. The data were then averaged over time and polarisation, the gain 3 The CABB hardware was originally developed for the Australia Telescope Compact Array (ATCA) and was also used in the DFB3 backend at Parkes. See http://www.narrabri.atnf.csiro.au/observing/CABB.html 4 see http://www.parkes.atnf.csiro.au/observing/documentation/-software/CORREL/index.html 5 http://www.atnf.csiro.au/computing/software/asap/ 6 http://www.iram.fr/IRAMFR/GILDAS/doc/html/classhtml/class.html 7 The ASAP auto quotient command combines the nearest source and reference spectra, dividing and subtracting the latter off.
elevation correction was applied, as was an opacity correction of 10 per cent (priv. communication J. Reynolds). The rest frequency was then set (23.694512 and 23.7226336 GHz for the NH3(1,1) and NH3(2,2) transitions, respectively) and a third order polynomial was applied.
Comparison of the main hyperfine components VLSR of the NH3(1,1) and NH3(2,2) transitions reveals a small velocity shift between the (1,1) and (2,2) spectra. The mean offset in velocity between the two transitions is 0.24 km/s with a standard deviation of 0.26 km/s. As mentioned in section 2, the expected resolution of these ammonia observations is 0.2 km/s. The rest frequencies, which were obtained from the Lovas catalogue, are believed to be less accurate than the velocity shift seen in our spectra.
NH3 Fitting
Each of the NH3(1,1) and NH3(2,2) spectra were fit using the standard NH3(1,1) and NH3(2,2) methods, respectively, in CLASS. Under the assumption that each of the hyperfine components have equal excitation temperature and the same Gaussian velocity structure, these methods return the calculated flux density, rest velocity (VLSR), linewidth (∆V), & optical depth (τ ) as well as the corresponding uncertainties to the fits for each source. A 3-σ cutoff was used to define non-detections for both transitions.
While the data quality is mostly of a high standard, a subset of the spectra show approximately sinusoidal variations in the baseline, typically with period 40−100kms −1 . Attempting to use polynomial fitting to remove baseline variations with a similar velocity scale as the hyperfine structure (∼50kms −1 ) may substantially alter the structure of the spectra. While the line VLSR and ∆V are likely robust (the line width of the main component and satellites are typically much smaller than the baseline variations), the ratios of measured flux density, both for the hyperfines within a transition and between different transitions, are not. Derived optical depths and temperatures should therefore be treated with caution for these sources. Any spectra showing this anomaly are flagged as BR (baseline ripple) in column 11 of Table 1 . Some sources, particularly those towards the Galactic centre, show multiple blended velocity components, making the fits less reliable. These data are flagged as BL (Blended) in column 11 of Table 1. All other spectra are considered reliable and marked as an R in this column.
The parameters derived from the fits to both the NH3(1,1) and NH3(2,2) spectra are given in Table 1 . The source name is given in column 1, in right ascension order, using names consistent with Hill et al. (2005) . The source class is given in column 2. Columns 3, 4, 5 and 6 present the flux density, VLSR, linewidth (∆V) and the optical depth for the NH3(1,1) transition. Columns 7 -10 present these parameters for the NH3(2,2) transition. For sources with an NH3(1,1) detection but no NH3(2,2) detection, a 3-σ upper limit is derived from the NH3(2,2) spectra which is given in column 7, and no values are listed in columns 8 -10.
Column densities and rotational temperatures were derived in the standard way (e.g. Ungerechts et al. 1986 ). The kinetic temperature estimates were calculated from the rotational temperature following the procedure outlined in Tafalla et al. (2004) . The derived molecular gas properties for each source are presented in Table 2 , in right ascen- (1,1) and (2,2) spectra can be found in the Appendix. Whilst a sample of the full appendix is included here (Fig. ? ?), the entire appendix of spectra can be found in the online version.
sion order. The rotational temperature (Trot) and kinetic temperature (T kin ) are given in columns 2 and 5, with the lower and upper limits to each temperature given in columns 3 & 4 and 6 & 7, respectively. Temperature uncertainties are discussed further below. The column density of the NH3(1,1)(N NH3(1,1) ) and the total column density of the gas (N T OT NH3 ) are presented in columns 8 and 9, respectively.
Given the varying robustness of the NH3(1,1) and (2,2) detections, sources were divided into 4 groups based on the reliability of the spectra (and hence derived physical properties). Group 4 sources were defined as those with no NH3(1,1) detection. No physical properties were derived for these sources, which can be found in Table 3 . Sources with an NH3(1,1) detection, but with either i) no NH3(2,2) detection or ii) the NH3(1,1) & (2,2) VLSR/∆V differed by >3 km/s (making it unlikely the emission is coming from the same gas) were defined as group 3. For these sources, there is no NH3(2,2) emission at the position of the NH3(1,1) detection, so the RMS of the NH3(2,2) spectra was used to derive an upper temperature limit and column density estimate. These numbers are highly uncertain. Group 2 sources are defined as those with both NH3(1,1) and (2,2) detections which have consistent kinematics but the signal to noise of at least one spectra lies in the range 3 < σ < 10. Finally, sources with both NH3(1,1) and (2,2) detections >10σ are defined as group 1. These group allocations are given in column 10 of Table 2 .
Uncertainties in the temperature were estimated for group 1 and 2 sources using the uncertainties in the measured parameters (Flux density, VLSR, ∆V & τ ) from the fits to the spectra. For each core, a maximum and minimum rotational temperature were derived assuming each of the parameters was at 1σ above or below the actual measured value (e.g. Flux 11 +∆Flux 11 or Flux 11 −∆Flux 11 ). The lower and upper rotational temperatures are shown in columns 3 and 4 of Table 2 . These extrema were then used to derive corresponding lower and upper limits to the kinetic temperatures, again following Tafalla et al. (2004) . The lower and upper kinetic temperatures are shown in columns 6 and 7 of Table 2 . As a general rule, the cores at low temperatures are well constrained, while those above ∼20 K are poorly constrained. This is reflected in the larger error bars for poorly constrained temperatures, and is not unexpected given the insensitivity of NH3(1,1) and (2,2) as a temperature probe of warmer gas (e.g. Danby et al. 1988) .
For some sources (e.g. G305.776-0.251) the rotational temperature was so high that the analytic for determined by Tafalla et al. (2004) was no longer reliable. These sources have very small (<8K) lower limits, and no upper limit could be derived.
Detection Rates
This Parkes ammonia (1,1) and (2,2) survey targeted a total of 244 sources of the 405 in the SIMBA sample of Hill et al. (2005), i.e., 60 per cent. The breakdown of the different classes of source targeted and their detection rates in both NH3(1,1) and (2,2) is given in Table 4 . Of the 244 sources observed, 138 sources were detected (at a 3-σ threshold) in NH3(1,1) (56 per cent) including two sources which † Denotes sources where the NH 3 (2,2) Flux Density is greater than the NH 3 (1,1). * Indicates that the second component of this spectrum (Fig ??) could not be fit.
had two velocity components in their spectra, and 102 in NH3(2,2)(42 per cent). Sources with a methanol maser or a radio continuum association (class M and R) have higher detection rates (∼2/3) than class MM (52 per cent) and MR (50 per cent), though this distinction is only slight. Of the sources with an NH3(1,1) detection, 74 per cent were also detected in the (2,2) transition. Class MR have the highest relative detection rate.
Compared with the number of sources targeted in each class, 60 per cent of the sample with active star formation (class M, MR and R); i.e., 59 of 96 sources, are detected in NH3(1,1) which decreases to 50 per cent for the (2,2) transition. In comparison, 50 per cent of the MM-only sources are detected in NH3(1,1) and only 36 per cent in NH3(2,2).
Of the remaining 108 sources not reported as detections in NH3(1,1), 14 sources had obvious detections which b Code indicates whether the source is a: ND -non-detection; M -may be a detection, these sources are typically weak and/or the spectrum is too noisy to positively confirm a detection; D -detection too weak compared with the noise; S -Strong detection in which either (B) the hyperfines are blended and can't be fit or (A) has absorption features or ( γ ) the spectrum is confused with multiple components and a fit will not converge. c Two codes appear in this column only if the NH 3 (2,2) transition is not in agreement with the NH 3 (1,1), with the former following the latter and separated by a '/'.
could not be fit (see Table 3 ). These tended to be sources quite close to the Galactic Centre and whose spectra displayed very broad lines with a combination of hyperfine blending, multiple lines and/or absorption features. A further 11 sources had detections that were too weak (< 3-σ) in NH3(1,1) and a further 24 sources are possible detections though the noisy spectrum and very low signal-to-noise makes is difficult to determine whether there is a detection or not.
Three of the sources targeted have multiple velocity components in their spectra: G10.359-0.149; G23.268-0.257 and G332.646-0.647 which are visible in both the NH3(1,1) and (2,2) transition, though G23.268-0.257B did not pass our cuts described in section 3.2. For nine sources, the strength of the (2,2) transition is stronger than that of the (1,1), indicating that these sources are likely the hottest in the sample. It is not possible to determine an accurate column density or temperature for these sources, which are annotated by a † in Table 1 . These sources do not represent one particular class of source. As these transitions were observed simultaneously we can rule-out weather effects causing this.
RESULTS
In this section the results pertaining to the parameters obtained from fitting the NH3(1,1) and (2,2) spectra (i.e., ∆V, τ , VLSR, Flux density) are discussed, as well as the parameters derived from the fits: T kin , NH3(1,1) column density (N NH3(1,1) ) and total NH3 column density (N T OT NH3 ). Table 5 presents the mean and median values of each of these parameters.
Linewidth ∆V
The linewidth of the sample ranges from 1.1 to 7.1 kms −1 for the NH3(1,1) transition and 1.3 to 9.2 kms −1 for the NH3(2,2) transition. The mean linewidth of the NH3(1,1) data is 2.9 kms −1 , with a standard deviation of 1.2 kms −1 , whilst the (2,2) transition displays a slightly broader mean linewidth of 3.1 kms −1 , with a standard deviation of 1.7 kms −1 . Pillai et al. (2006) found linewidths between 0.8 and 3 kms −1 for their sample of nine infrared dark clouds (IRDCs), whilst for their sample of methanol maser selected sources, Longmore et al. (2007) find linewidths between 0.7 and 4.6 kms −1 . Both the linewidths of these authors and our sample, which is comprised of a cross-section of star-forming sources, display linewidths that are greater than those reported by Jijina et al. (1999) for their sample of low mass cores. Pillai et al. (2006) attribute the larger linewidths of their sample to velocity dispersions and turbulence. Churchwell et al. (1990) There is a slight offset between the (1,1) and (2,2) transitions.
of source as an indication of evolutionary status, with more quiescent and less evolved cores having smaller linewidths.
The cumulative distribution plots of the NH3(1,1) and NH3(2,2) linewidth (see Fig. 2 ), with respect to the class of source in the sample, confirms that the MM-only sources have the narrowest linewidths of the sample. Class R sources are confined to a small region of the linewidth parameter space which may simply reflect the small number of sources in this sample (see Table 4 ). For both the NH3(1,1) and (2,2) distributions, the maser sample traces that of the sample with active star formation (class M+MR+R) indicating that masers are ubiquitous tracers of massive star formation. Class MR sources have the broadest linewidths of the sample, given that they have two indicators of active star formation they could potentially be warmer and/or more evolved.
To test the hypothesis that two, or more, classes of source are drawn from the sample parent population, Kolmogorov-Smirnov (KS) tests were performed. For both the (1,1) and (2,2) transition, the KS-tests for the individual classes were inconclusive which is likely due to the low number of sources in the individual samples of active sources (M, MR and R). When comparing the MM-only sample (class MM) with the star formation sample (class M+MR+R), the statistics become significant enough to perform robust KS tests. The null hypothesis, that the samples are drawn from the same population, can clearly be rejected when comparing the MM-only sample (class MM) with the star formation sample (class M+MR+R) -see full red and dotted black line in Fig. 2 . This results holds for both the (1,1) and (2,2) transition, with probabilities smaller than 10 −3 and 7×10 −5 , respectively.
As the NH3(1,1) and (2,2) transition are expected to be emitted from the same gas, we would then expect that they display similar linewidths. The top two panels of Figure 2 suggest that there is a slight increase in linewidth with an increase in the NH3 transition. Note that the NH3(1,1) plot includes all sources, whilst the NH3(2,2) plot includes sources with a Rel. Group equal to 1 or 2, as Group 3 sources have only upper limits for this transition. This result is in agreement with Pillai et al. (2006) who also found that for some of their IRDCs the (2,2) linewidths were slightly larger than the (1,1) linewidths, which they interpreted to mean that each transition was not exactly tracing the same gas. Broader NH3(2,2) linewidths, with respect to the NH3(1,1) linewidth, could be interpreted as internal heating, but further (mapping) observations of these sources are necessary to examine this.
The bottom panel of Figure 2 is a plot of the difference between the NH3(1,1) and (2,2) linewidth. This panel places the top and middle panel in context, indicating that approximately half of the sources have broader (2,2) linewidths and the other half have less broad line widths compared with the NH3(1,1) transition. This panel also clearly shows that each of the classes of source have comparable (2,2) versus (1,1) linewidths. If we refer to the sources for which we have robust detections (i.e. a Rel. Group equal to 1 or 2), the (2,2) linewidths can vary from -2.0 to 2.5 kms −1 broader than the (1,1) transition with a median and mean of 0.0 kms −1 . For the 45 per cent of sources with NH3(1,1) linewidths broader than the (2,2) transition, the (2,2) linewidth is 50 to 99 per cent that of the width of the (1,1) transition, with a median of 90 per cent of the (1,1) linewidth. The small difference in linewidth ensures that we can use the two transitions to determine the temperature of the cores.
Thermal linewidths range from 0.1 to 0.4 kms −1 with a median of 0.2 kms −1 , as calculated from the NH3 derived kinetic temperature. The turbulence is clearly dominating for all sources, including the MM-only where the linewidth is the smallest.
Optical Depth τ
The optical depth of the sample ranges from 0.1 to 3.8 for the NH3(1,1) transition and from 0.1 to 9.4 for the (2,2) transition. We caution however that this lower limit is simply the minimum value for optical depth as determined from CLASS, and should simply be interpreted as optically-thin emission. The median optical depth of the NH3(1,1) is 1.4 compared with 0.1 for the (2,2) transition. These optical depth values are consistent with Longmore et al. (2007) who found that the majority of their maser sources have optical depths between 0.3 and 5. There is no obvious difference in the optical depth between the different classes of source for either of the NH3 transitions. Only 22 per cent of sources observed in both (1,1) and (2,2) have greater optical depths for the (2,2) transition.
VLSR
The VLSR of the sample ranges from -87.8 to 113kms −1 . There are no trends between the source VLSR and type of source in the sample.
Flux Density
The NH3 (1,1) For the NH3(2,2) transition the flux density of the sample ranges from 0.3 to 6.4 Jy/beam, with a median of 1.2 Jy/beam. Each of the four classes of source display similar flux ranges for this transition. The median NH3(2,2) flux density of each class suggests that the MM-only sources are not as bright as the other classes of source. We caution however that this difference is small. The NH3(2,2) flux density of the MM-only cores is 75 per cent that of the sample with active star formation.
Cumulative distributions and Komolgorov-Smirnov (KS) tests indicate that there is little difference between each of the classes in terms of their flux density.
The peak line intensity of the NH3(2,2) transition for our sources is on average 40 per cent that of the (1,1) transition (excluding the nine sources which have greater (2,2) flux densities). This ratio is in excellent agreement with Pillai et al. (2006) who also find that for their sample of IRDCs, the peak intensity of the (2,2) is 40 per cent that of the (1,1).
Kinetic Temperature T kin
The kinetic temperature of the sample ranges from 9.0 to 98.0 K, with a median of 20 K. Despite such a large temperature range, only 22 per cent of sources have temperatures greater than 30 K, whilst only 6 per cent have temperatures in excess of 50 K. 78 per cent of sources are cooler than 30 K. As discussed in section 3.2 and 5.3, the lower transition (1,1) and (2,2) NH3 data are useful as a thermometer when the temperature is less than 30 K (Danby et al. 1988) . When the temperature is greater than this, these transitions can not support accurate temperature determinations. Tafalla et al. (2004) are more conservative and suggest that NH3(1,1) and (2,2) actually poorly constrain temperatures greater than 20K. However, our method of modelling, i.e., Bayesian inference, factors in the larger error bars for ill constrained temperatures, when deriving masses from SEDssee section 5.2.2.
The MM-only sources are cooler on average than each of the individual classes comprising maser and/or radio continuum associations as well as the sample of active star formation (class M+MR+R) -see Table 5 . The cumulative distribution plot of the temperature is discussed in detail in section 5.1. Pillai et al. (2006) found that the temperature of their IRDC sample range from 11-17 K, whilst Churchwell et al. (1990) find approximately half of their UC HII sample to range between 15 and 25 K and the other half to have temperatures in excess of 25 K.
Total Column Density
The total column density of the sources, derived from both the NH3(1,1) and (2,2) transitions, ranges from 0.3 to 15.7 ×10 14 cm −2 , with a median column density of 2.8 ×10 14 cm −2 . Figure 3 presents the cumulative distribution plot of the column density. The radio sample (class R) has the lowest column density on average compared with the other classes -see Table 5 .
Correlations
Cross-correlating each of the parameters discussed in the aforementioned sections reveals very few trends and thus relationships between them. There is a slight correlation between the flux and the optical depth of a sources, with an increase in flux translating to an increase in the optical depth of the source.
Both Longmore et al. (2008) and Pillai et al. (2006) found that the NH3(1,1) linewidth and kinetic temperature of a sources are correlated, with an increase in one leading to an increase in the other. Longmore et al. (2008) found that when they compared these two parameters, the NH3-only cores of their sample -those without methanol maser associations -were confined to a small and distinct region in the plot, which was clearly separate from the parameter space occupied by the methanol maser sources. The NH3-only sources were cooler than the maser sources, yet of comparable linewidth.
As mentioned in section 4.1, Pillai et al. (2006) found that IRDCs in their sample have greater linewidths than the low-mass stars in the sample of Jijina et al. (1999) . Additionally, they find that their IRDCs are colder relative to the sample of Jijina et al. (1999) and the UC HII sample of Churchwell et al. (1990) . A comparison of their IRDCs with more evolved examples of massive star formation (e.g. UC HII regions and high mass protostellar objects e.g. Beuther et al. 2002) reveals the IRDCs to be cooler than these sources and to have narrower linewidths on average.
We do not see this correlation in our own data, i.e., the MM-only sources are not distinct from the other starformation classes with respect to their temperature. Instead, we find that the MM-only sample has comparable temperatures to sources with a methanol maser and/or radio continuum sources, coupled with smaller linewidths. The eight dark clouds for which we have NH3(1,1) and (2,2) observations are not confined to cooler temperatures or smaller linewidths as per Pillai et al. (2006) , nor is there a trend between their NH3(1,1) linewidth and T kin . The lack of correlation between the NH3(1,1) and T kin of our sample may be attributed to two factors. Firstly, our data are likely subject to beam dilution with low-resolution (58 arcsec), compared with the 40 arcsec resolution of Pillai et al. (2006) and the interferometric observations (< 11 arcsec) of Longmore et al. (2008) . Additionally the combination of NH3(1,1) and (2,2) provides reliable temperatures up to ∼ 30 K, so we are insensitive to the greater temperature range coverage of Longmore et al. (2008) who used higher transition ammonia data to determine their temperatures.
While Longmore et al. (2006) were able to probe warmer regions better than us, due to higher transition NH3 data which they also measured, when it comes to the cold sources of particular interest here, this is not an issue. Both studies are sensitive to probing the temperature in the coldest gas, where only the (1,1) and (2,2) lines are significantly excited.
ANALYSIS

Previous SED modelling
Hill et al. (2009) performed spectral energy distribution modelling of ∼ 180 sources of the SIMBA sample (see section 1), using the Bayesian inference method of fitting (e.g. Pinte et al. 2008 ). This method of fitting considers the potential correlations between parameters to produce quantitative estimates of the range of validity of key parameters (temperature, mass, luminosity) extracted from SED fitting. As the modelling procedure is outlined in detail in section 3.1 of Hill et al. (2009) we simply summarise the procedure here.
The sources were modelled according to a twocomponent model which denotes a central warm core surrounded by a cold dust envelope. The hot component of this model is assumed to radiate as a blackbody whilst the cold component accounts for optically thin emission from the dust (see Equation 1, Hill et al. 2009) . The sources were then fit for four free parameters: R hot , T hot , T cold and M cold . Those sources without mid-infrared emission (i.e, a hot component) were fit for the cold component only and thus two free parameters: T cold and M cold .
It was clear from SED modelling (Hill et al. 2009 ) that an absence of far-infrared data, where the peak of the dust emission lies, hinders accurate determinations of the source temperature. Additionally as the mass and luminosity of a source are highly correlated with that of the temperature, assessing the evolutionary status of a source from SED fitting alone is difficult. Greater observational constraints were necessary in order to facilitate further SED fitting and analysis.
SED modelling revisited
Comparison of temperature derivation methods
These ammonia data provide an independent, and more accurate, determination of the source temperature. Following the assumption that the kinetic temperature is equivalent to the dust temperature, it is then possible to revisit our previous SED modelling. Li et al. (2003) showed that the gas temperature of their sources i.e., the kinetic temperature as derived from NH3 observations, was within a few K of the dust temperature. According to their observations, T kin and T dust are expected to be similar in cold regions. Schnee & Sargent (2007) also find excellent agreement between the dust and gas temperature of their star less core in Taurus. Contrary to this, both Molinari et al. (1996) and Sridharan et al. (2002) find discrepancies when comparing dust temperatures and kinetic temperatures derived from NH3. However, both these authors derived their dust temperatures from IRAS data which is subject to poor resolution and the emission is likely optically thick. When the dust is highly optically thick large differences between the gas and dust temperatures can occur (Kruegel & Walmsley 1984) . Molinari et al. (1996) themselves caution that IRAS fluxes alone are insufficient for proper estimates of the dust temperature.
Of the ∼ 180 sources that were originally SED modelled (Hill et al. 2009 ), 82 were also observed with ammonia, though 30 of these sources only have upper limits to their temperature. Figure 4 compares the kinetic temperature (T kin ) of each source, as derived from the NH3 observations, with the dust temperature as estimated from our previous SED modelling (TSED). This figure contains the 52 source with reliable continuum and ammonia observations for estimating both temperatures (Rel. Group 1 and 2, in Table 2 ), thus allowing a statistical comparison of both methods. The red line on the plot indicates where TSED and T kin are equal. Figure 4 shows that there are no systematic biases introduced in either of the methods used to determine the temperature estimates. If SED fitting was biasing the resultant temperature of a core, then these data would all be above, or below, the red line. The SED method, although not strongly constraining the temperature, appears a robust method for obtaining a first order unbiased estimate of the core temperature. In this section, we perform the SED modelling again, this time using the kinetic temperature as derived from NH3. Figure 4 . Comparison of the temperature as derived from SED modelling with that derived from the NH 3 observations. The red line indicates where these two parameters would be equal. The error bars are indicated by the blue lines.
SED modelling with NH3
SED modelling was performed using the Bayesian inference method, following the procedure summarised above (section 5.1) and outlined in Hill et al. (2009, section 3) . Rather than fitting for the temperature (T cold ), we fixed the dust temperature to the kinetic temperature, as derived from NH3, and fit solely for the mass of the source (as well as the hot parameters, for those sources with mid-infrared data), assuming the same dust properties used previously. As per Hill et al. (2009) we have assumed the near distance for all sources with a distance ambiguity. The probability distributions of the temperature were set to Gaussian distributions defined by the value of, and uncertainties with, the NH3 temperature (T kin ) -see Table 1. For those sources where only an upper limit value to the temperature has been determined (Rel. Group 3) we assume a uniform probability distribution between 2.73 K and the upper limit. The estimated range of validity for the mass and the luminosity derived from this method then not only accounts for the uncertainty on the temperature but also considers the correlations between parameters. Figure 5 is a plot of the probability curves for the temperature and mass of a source, comparing our previous SED fitting method (Hill et al. 2009) , with that of the SED fitting performed in this paper using NH3 derived temperatures. Figure 5 illustrates how kinetic temperatures allow tighter constraints on the mass of a source, as is expected. This source, G10.288-0.127 a MM-only source with no midinfrared association which was consequently fit with a single cold component, corresponds to the bottom row of Fig. 1 of Hill et al. (2009) . This source was chosen to illustrate how a source with limited sampling of the SED can be well constrained by known or constrained temperatures. It is clear that the NH3 data (red curve) provides greater constraints on the temperature (left-hand plot), especially for those sources with few data points, compared with deriving the temperature from SED fitting (black curve). The range of validity for the temperature is now constrained to a smaller portion of the parameter space. It is clear that accurate temperatures are necessary to derive accurate sources masses. Table 6 presents the range of validity for the temperature,mass and luminosity of each of the 52 sources which were re-modelled using their NH3 temperature in the SED fits. The cumulative distribution plots of the temperature, mass and luminosity are presented in Figure 6 . Note that all sources, regardless of their reliability flag (Table 2) were included in this Figure. An interesting result evident from the probability distributions of all of the sources re-modelled is the complementarity of the SED fitting and NH3 observations in terms of parameter determinations. Even when the uncertainty on Figure 5 . The probability curves of one source (G10.288-0.127, corresponding to the bottom row of Fig. 1 Hill et al. 2009 ) comparing the two SED methods. The black line indicates the probability curve corresponding to a SED fit temperature (Hill et al. 2009 ) whilst the red probability curve is indicative of the probability when the temperature is fixed using the ammonia derived T kin . As can be seen, constraints on the temperature translate as tighter probability curves for parameters resulting from SED modelling, i.e., mass.
SED results
the kinetic temperature derived from NH3 is large, the constraints from the SED fitting and the NH3 analysis are very complementary. SED modelling provides good constraints on the upper limit of the temperature when the ammonia data are ill-constrained due to the absence of higher transitions (see section 3.2). On the other hand, NH3 provides good constraints on the lower limit to the temperature when the ambiguities from SED modelling become very large.
Comparison of the temperature-fit probability curves (Hill et al. 2009 ) with those of the probability curves produced here, indicates that, in most instances, the mass probability peaks in the same place for both methods. In all instances, the probability curve of the mass for each individual source is more tightly constrained using the NH3 temperatures, as is demonstrated in Fig. 5 .
The cumulative distribution plot of the temperature (Fig. 6, left) suggests that class MM sources are slightly cooler than the other classes of source. This difference reflects the fact that 9 of the 11 sources in Rel. Group 3, and thus sources with upper limits, are MM-only sources which effectively add a 'bump' to the MM-only curve at low temperatures. However, the difference between the MM-only sources and those with signatures of massive star formation is not statistically significant, with a KS test probability of 0.4. If we do not include the sources in Rel. Group 3, the distribution of the temperature shows little distinction between the different classes of source in the sample for this parameter with a KS probability of 0.98.
The cumulative distribution plot of the mass (Fig. 6,  middle) indicates that the MM-only sources are the least massive of the sample, whilst class MR are the most massive. The difference in the mass is more significant than for the temperature, though the KS test, with a probability of 0.08, does not allow us to rule on the null hypothesis that MMonly sources are drawn from the same population as that star formation sources. This is likely a result of the relatively small number of sources modelled.
The cumulative distribution plot of the luminosity (Fig. 6, right) reveals the MM-only sources to be marginally less luminous than the other classes of source, which is not surprising given that the mass and luminosity are correlated and the temperature of the sources is slightly smaller.
Luminosity vs Mass Diagram
As per Hill et al. (2009) , we have drawn a luminosity vs. mass (hereafter M − L diagram) diagram for the sources which we have re-modelled with SEDs. André et al. (2000) proposed that the M − L diagram was a useful diagnostic tool for class 0 and class I low-mass protostars, which provides insight into a source's evolutionary status. Hill et al. (2009) showed that care should be taken with interpretation of M − L diagrams drawn from SEDs.
Due to the low number of sources which were remodelled in each class of source, little distinction can be discerned for the different classes of source nor can proposed evolutionary tracks be drawn from this diagram. The M − L diagram can be found in Figure 7 .
Determining a mass for NH3 sources not SED modelled
Of the 138 sources deemed to have good NH3(1,1) fits reliable kinetic temperatures were derived for 128 (see section 3.3). Of these 128 only 52 NH3 sources were originally SED modelled by us. Consequently, only 52 NH3 sources have enough information to draw spectral energy distributions and determine their mass. Assuming that the NH3 temperature is equivalent to that of the dust temperature (Li et al. 2003; Schnee & Sargent 2007) , we can estimate the mass of the remaining sources which have reliable NH3 and millimetre continuum data. Here we ignore sources which are lacking millimetre continuum or distance information. The 65 NH3 sources for which we derive a mass from their NH3 temperature, according to the procedure outlined in section 4.1, and equation 1, of Hill et al. (2005) , are presented in Table 7 . Sources which have reliable temperature information and an estimate of the error associated with the temperature have both a minimum and maximum estimation of the mass in columns 3 and 4. Those sources for which a mass was derived from an upper limit temperature value do not have a temperature range and are lacking values in these columns. These masses should be treated with caution and are an estimate of the mass only.
Though the mass drawn from this method is derived solely from the millimetre continuum flux, rather than a SED sampled at various wavelengths, it provides a useful approximation to the source mass in the absence of further data. Hill et al. (2005) showed that the contribution of free-free emission to the millimetre flux is expected to be negligible compared with the dust emission. We recognise the potential for contributions from free-free emission that may be missed from the interferometric survey (Walsh et al. 1998) used to draw these conclusions and we caution interpretation of these results (cf. Longmore et al. 2009 ).
DISCUSSION
Physical properties of the clumps
Previous work has shown the MM-only cores of our sample to be excellent candidates for young massive protostars. Their characteristic physical properties, such as temperature and mass, suggested that these objects are indicative of the earliest stages of massive star formation. These conclusions, which were drawn from (sub)millimetre continuum emission observations and spectral energy distribution modelling, are not without their caveats. SED modelling is subject to ambiguities and is heavily reliant on well constrained temperatures in order to produce a reliable mass estimate. In addition, it is not yet known whether the MM-only core is indeed forming massive stars.
Using the kinetic temperatures as derived from this NH3 line study, we are now in a position to ascertain which physical properties of the MM-only cores are similar to those of sources with known star formation activity, and which physical properties differ.
Analysis, in the previous sections, has revealed the MMonly class to have smaller NH3 linewidths on average than class M, MR and R -those sources with a methanol maser and/or radio continuum association. This is true for both ammonia transitions. SED modelling, using the Bayesian inference method, in conjunction with well constrained kinetic temperatures, as derived from ammonia, reveals the MM-only cores to be the least massive of the sample.
Interestingly, class MM sources display many similarities in the distributions of the other physical parameters dicating that the more massive clumps are slightly more gravitationally bounded. This translates as a slightly larger median virial parameter of 1 for the MM-only cores, compared with the star forming sources (median α = 0.9).
MM-only sources in the context of massive star formation
High-mass prestellar cores, or high-mass starless cores, the precursors of high-mass protostars in an analogous scaled-up version of low-mass starless cores, are still a missing piece of the high-mass star formation puzzle. Whether they may exist will serve to constrain competing massive star formation theories which propose coalescence and accretion as possible formation mechanisms. Infrared dark clouds (Jackson et al. 2008) have been proposed as possible candidates to host such starless objects. However, high-angular resolution observations of a small sample of candidate massive starless cores have systematically revealed embedded, accreting protostars inside (e.g. Pillai et al. 2006) . We have identified a new class of source, the MM-only core, which are excellent candidates for early stage protostars or massive young stellar objects. SED analysis here reveals the MM-only sources to have a similar mass range, with a larger number of less massive sources, compared to the star forming sources, and very similar physical properties as these sources. The similar distribution of the virial state of equilibrium suggests that the MM-only sources are just as likely to form stars. These results suggest that the MM-only sources may in fact be scaled down objects compared with the star forming sources. The smaller mass, radii and linewidths of the MM-only cores further suggests that they will possibly form intermediate mass stars rather than high-mass stars.
Alternatively, the MM-only cores may not produce stars, and could remain starless transient clumps (e.g. Beuther & Henning 2009; Buckle et al. 2009 ). Further spectral line observations designed to ascertain the chemistry of the MM-only core are currently underway.
Is the MM-only population comprised of sub-samples?
It is also possible that the MM-only clumps could be comprised of multiple sub-samples or populations, with one interpretation that each of these sub-populations likely follow different evolutionary paths. In this instance, they could be comprised of both cores with high and low mass stars, cores which are in the very earliest stages of evolution, and also possibly some cores that are not destined to begat high mass stars. Attempts to break class MM sources into multiple populations with respect to the mass, radius, linewidth, lumi-nosity and temperature reveal the MM-only population to have a continuous distribution with respect to each of these parameters (see for instance Fig. 6, 7 and 8) . Consequently, there is currently no physical indication that the MM-only sources are comprised of distinct sub-populations.
Despite this, from our results we can infer that the MMonly sources will have different star formation histories depending on their initial mass. Figure 9 presents a plot of the fraction of MM-only sources as a function of the mass of the clump. All of the sources in our sample less than 100M⊙, are MM-only sources, and the fraction of objects that do not show any signature of star formation decreases as the mass of the clump increases.
This indicates that the most massive clumps have a higher efficiency to form massive stars. Additionally it may suggest that there is a dichotomy in mass around 100-200M⊙ for the MM-only sample. The MM-only sources below this threshold will likely not form massive stars.
Assuming an initial mass function (IMF) as per Chabrier (2003), and a star formation efficiency of 50 per cent, then we would need a minimum clump mass of ≈ 500M⊙ in order to support the formation of one star in excess of 10M⊙. That is, the maximum mass of the original clump dictates the size of stars that can form. Thus, clumps with masses lower than 100M⊙ will not form massive stars, whilst more massive MM-only sources on the contrary have enough material to form stars in excess of 10M⊙.
Assuming that the evolution of protostellar objects is faster for more massive objects could explain why we detect a smaller fraction of MM-only sources i.e. before signatures of star formation, for increasingly massive objects. In this instance, the MM-only cores do represent targets of choice to assess the earliest stages of star formation.
CONCLUSIONS
We have undertaken an ammonia molecular line study, in the lowest two inversion transitions, of young massive star formation regions in the southern hemisphere as part of an effort to characterise the earliest stages of high-mass star formation. The sample targeted was derived from the millimetre continuum emission studies of Hill et al. (2005 Hill et al. ( , 2006 and included sources with and without signatures of high mass star formation. In total, 244 sources were observed in both ammonia transitions, using the Parkes radio telescope. Of these, 138 had detections (>3-σ) in NH3(1,1), including two sources with two velocity components, and 102 in NH3(2,2). The MM-only sources are not more or less likely to be detected in either transition than the sources with a methanol maser and/or radio continuum association.
The spectral line properties of the sources have been determined from gaussian fits to the lines: linewidth, flux density, opacity. In addition, physical parameters, such as the rotational and kinetic temperatures as well as the column density, were derived from the spectra. From the kinetic temperature, and revisiting previous SED modelling techniques (Hill et al. 2009 ), we have determined the mass and luminosity of the sources in the sample. We have used the Bayesian inference method of SED modelling, which provides robust estimates of the parameters as well as good estimates of the uncertainties associated with each parameter, further allowing robust statistical conclusions.
Combining continuum and line observations has proven to be quite powerful. In our case, ammonia observations and SED modelling are very complementary in terms of parameter determinations. It is clear, that the kinetic temperature, as derived from ammonia, used in combination with SED modelling has constrained the range of validity for the temperature, which in turn has constrained the range of validity for the mass and luminosity for each of the sources in our sample.
The MM-only sources, those with no overt signs of massive star formation, have smaller NH3(1,1) and (2,2) linewidths on average compared with sources associated with a methanol maser and/or radio continuum source. They are also less massive and smaller on average but reach the same upper values for both parameters. Because the MMonly sources have similar brightness/flux, column densities and similar temperatures as star forming sources, they have the potential to form stars. The least massive MM-only sources, cannot form high mass stars and will likely proceed to form intermediate mass stars, whilst the more massive clumps, are more interestingly strong candidates for early stage massive protostars. The different hypotheses will result in different internal structures.
Higher spatial resolution observations with ALMA will allow resolution of the internal structures of the MM-only cores, which may then allow us to distinguish between starless cores that will begat massive stars and those that are transient.
